Abstract
The high-temperature photochemistry (HTP) technique, previously used for reactions of neutral species, has been adapted to the study of atomic metal ion-molecule reactions.
Ca
+ ions were generated by 193 nm multi-photon photolysis of calcium acetyl acetonate and its pyrolysis fragments. The relative ion concentrations were monitored by laser- . Over much of the observed temperature range reaction (1) has much smaller rate coefficients than the corresponding neutral Ca association reaction. Reaction
(1) is shown to behave very similarly to the O2 association reaction with neutral K atoms, with which Ca + is iso-electronic. This suggests that the initial step is ion-pair complex formation of the superoxide Ca 2+ (O2)
Introduction
In an extensive series of papers, starting with the 14 th Combustion Symposium
[1], we have reported kinetic data on combustion reactions of metal-atoms, -monohalides, and -monoxides, at temperatures T in the 300 to 1800 K range, e.g., Refs. 2-8. Little information on such kinetics and its T-dependence was available at the time. To fill this gap in knowledge we developed the high-temperature fast-flow reactor, HTFFR, technique, with which most of our data were obtained. In this thermostatted reactor small quantities of the reactants are introduced in an excess of bath gas. The reaction temperatures and pressures are essentially those of the bath gas. As no other reactive species are present, the observations can be made free of interference of such species.
These present a problem in most other high-temperature environments, such as flames.
The metal species are introduced upstream from the oxidant inlet and reaction time is proportional to flow time. This work has been complemented by the development of a semi-empirical, quantum-mechanics based, theory for the determination of activation barriers for series of homologous reactions, e.g., Refs. 9-11.
A second thermostatted reactor type the high-temperature photochemistry reactor, HTP, was later developed. Briefly, this is a slow flow apparatus where the metallic species are produced from precursor molecules and their reactions are observed in the same volume element as in which they are formed. Because diffusion times to the walls are long compared to reaction times, wall reactions do not present a potential interference source. Several reactions have been studied with this technique and comparisons to HTFFR measurements have shown good agreement, e. g., Refs. 12-15.
Today our knowledge of metal ion kinetics at combustion temperatures is as scarce as that of the neutral species was in 1972. We have now begun to measure the kinetics of atomic ion reactions, for which we find the HTP apparatus, in a slightly modified form, highly suitable. The importance of obtaining such data lies in the fact that nearly all practical combustion systems (i) contain metals as impurities, additives, or inherent parts of the fuels [16] [17] [18] [19] , and (ii) are, at least weakly, ionized. As metal atoms have low ionization potentials they become readily ionized at high temperatures; moreover, the chemi-ions formed in fossil fuel and other organic compound flames have largely higher ionization potentials and rapidly transfer their positive charges to metal atoms [20] . As a result these can become the major charge carriers, even when the metals are present in low concentrations. has a negative T-dependence, as is to be expected for a termolecular association process.
It will be shown here to closely resemble the reaction [26, 27] 
Technique
Reaction ( The temperature of the reaction zone was measured before and after each experiment with a Pt-Pt/13% Rh thermocouple, which was shielded to minimize radiation effects. Pressure was measured with a pressure transducer and the gas flow rates were regulated by calibrated mass flow controllers. 
Here, kps1 is a pseudo-first-order rate coefficient, I0 is the fluorescence intensity at t = ti, I
is the intensity at t > ti, and B is background. Values of kps1 ± σkps1 are obtained by a weighted fit of the observed I vs. t profiles to Eq. (3) [29] . Residual analysis, Fig. 2b , and goodness of fit tests are used to determine the exponentiality of the decays [14, 30] . 
where kd represents Ca + loss other than by reaction (1), such as by diffusion and reaction with the precursor. A weighted least-squares fitting routine, with propagation of errors is used [31] . The same routine is then used to obtain the third-order rate coefficients k1 ± σk1 from the slope of plots of kps2 vs.
[M]. The data at various L.E. are combined on the kps1 vs.
Results

Measurements
[O2] plots. These yield kps2, e.g., . These are combined using the method of Wentworth [33] to calculate precision at the σ 2 level to vary from ± 58% to ± 47%. Allowing for a possible systematic error of ± 20% we calculate the accuracy for the k1 measurements to vary from ± 61% to ± 52% at the σ 2 statistical confidence limit. Eq. (5) 
which is the format preferred in most of the ion-molecule kinetics literature.
There are two other published determinations of k1. These were made at about 296 K in flowing afterglows, which yielded for M = Ar and He, respectively [34, 35] . These results are according to these authors approximate, but they can be used to estimate a k1(T) unweighted non-linear leastsquares fit expression [32] over a wider range. Using the value for Ar we obtain 1 2 6 9 .
Discussion
The proportionality of the k1 data with [M] shows that, under the investigated conditions, the termolecular reaction (1) is in its third order regime. In Fig. 6 , the measured k1(T) are compared to k(T) of the neutral Ca [36, 37] and K [26, 27] reactions with O2
Reaction (8) The recombination kinetics are rationalized in terms of Troe's unimolecular formalism [38] , as applied previously to reaction (2) [27] . We may write 
where the symbols follow standard notation [38] . Several of these terms are not known well. We employ Lennard-Jones parameters for adduct-bath gas collisions similar to those used earlier [27] , namely σ = 5 Å and ε/kB = 500 K, to obtain the Lennard-Jones collision rate ZLJ ≈ 1. More sophisticated approaches might include changes in zero point energies and the influence of valence forces as Ca + and O2 approach, and there is probably a factor 3 or more uncertainty in Frot and the resulting k1(T).
The average energy lost by the adduct per stabilizing collision with the bath gas was adjusted to a best fit value of 7.4 kJ mol -1 (assumed independent of temperature), which implies collisional efficiencies βc varying from 0.62 at room temperature to 0.28 at 1425 K. These are higher than typical for stabilization of neutral species [38] , and might indicate a special role for ion-induced forces. The data base for stabilization of ionic species is sparse, although recent experiments yielded a range of 1.6 to 5.2 kJ mol -1 for stabilization of C8H10 + by N2 [40] . It should be noted that here βc compensates for any errors in the other parameters of Eq. (9), and is not therefore tightly determined. The calculated rate coefficients may be summarized as
In Fig. 8 the line corresponding to this expression is compared to that of the experimental result , Eq. (7), showing good accord, especially in view of the approximate nature of the 296 K point.
A few words need to be said about the intercept of the 1425 K data, Fig.5 . Very small intercepts may be present at the lower temperatures as well; these are statistically insignificant, but increase with temperature. It is tempting to attribute this to an abstraction channel competing effectively with reaction (1) with increasing temperature, as has been observed for several neutral metal -atom oxidation reactions [4] . However, this process
would be between 150 and 172 kJ mol -1 endothermic, according to various determinations of the CaO + bond energy [41, 42] . This would make reaction (11) immeasurably slow at 1425 K. As it is unlikely that this bond energy is radically in error, another process must be involved. Various possibilities have been considered, but found wanting.
Conclusion
Kinetic data and their temperature dependence for metal ion -molecule reactions at temperatures and pressures of combustion significance are of inherent interest, as well as are needed for modelling. The few available data are either (i) from flame studies, where particularly for the temperature dependence only approximate values have been obtained [43] , or (ii) largely from near or below room temperature measurements in isolated reaction environments at low pressures (typically < 10 mbar). The HTP development, here described, has now made it possible to extend those reaction studies to temperatures above 900 K and to pressures approaching atmospheric. Two essentially simultaneous studies with this technique have now been made. The rate coefficients of the exothermic bimolecular Ca + + N2O reaction showed a small positive T-dependence from 600 to 1200 K [24] . The rate coefficients of the present Ca + + O2 + Ar reaction have a negative T-dependence similar to that of the equivalent reaction of neutral atoms of K, the element preceding Ca in the periodic table. Both these O2 reactions are thought to proceed through ion-pair complex formation. The HTP technique is suitable to be applied to other categories of metal-ion reactions. 
